The upper elevational limits of tree species are thought to be controlled by abiotic factors such as temperature and the soil and atmospheric conditions affecting plant water status. We measured relative water contents (RWC), water potentials (Ψ) and cuticular conductances (g c ) of shoots of four conifer species-eastern hemlock (Tsuga canadensis (L.) Carr.), eastern white pine (Pinus strobus L.), red pine (P. resinosa Ait.) and red spruce (Picea rubens Sarg.)-during two winters on Mt. Ascutney, Vermont, USA. Some micrometeorological measurements are also reported. Eastern hemlock and white pine were studied near their upper elevational limits at a 640-m site, and red pine was studied near its upper elevational limit at 715 m. Red spruce was also studied at the 715-m site, which is in the middle of its elevational range on this mountain. There was no evidence of winter desiccation stress in any species. The observed distribution of seedlings suggested that the upper elevational limits on shade-intolerant eastern white pine and red pine are set by the absence of suitable seed beds after 100 years without fire. Eastern hemlock is able to reproduce in deep shade on organic substrates, but germination at high elevations may be restricted by low temperatures.
Introduction
The upper elevational and high latitudinal limits of tree species are thought to be set by abiotic factors, especially temperature (Woodward 1987 (Woodward , 1990 (Woodward , 1995 . Temperature limitations on tree survival and growth can include absolute minimum temperatures, growing season length, growing season frosts and seasonal heat sum accumulations (Godman and Lancaster 1990 , Woodward 1995 , Loehle 2000 . In addition, distribution may be influenced by factors affecting seed germination and establishment.
The ability to withstand subfreezing temperatures depends on the avoidance of intracellular ice crystal formation, which is the chief cause of frost damage. In addition, plants exposed to subfreezing conditions must be able to withstand the drought stress imposed when the freezing of vascular tissue or soil prevents water movement to the leaves (Tranquillini 1979) .
Little is known about the role of winter desiccation damage in establishing the upper elevational limit to the distribution of conifers that do not extend to the tree line (Hadley and Smith 1990) . However, winter damage, thought to be caused by desiccating chinook winds (the "red belt" phenomenon of lodgepole pine (Pinus contorta Dougl.) forests in the northern Rocky Mountains), has long been noted (Henson 1952 , MacHattie 1963 , Bella and Navratil 1987 . Sakai (1970) found that winter desiccation damage limited conifer survival in Hokkaido, Japan. Grier (1988) suggested that winter desiccation may impact leaf mortality and biomass loss in forest trees. Several studies have shown that winter injury in conifers occurs when relative water content drops below 60% (Hansen and Klikoff 1972 , Sakai and Weiser 1973 , Hadley and Smith 1983 . Critical levels of winter injury damage can be estimated with various indices including the chlorophyll absorbance index and visual needle damage assessment (Lund and Livingston 1999) .
We tested the hypothesis that winter water relations limit the upper elevational range of evergreen conifers in New England. Specifically, we measured water relations parameters of eastern hemlock (Tsuga canadensis (L.) Carr.), eastern white pine (Pinus strobus L.) and red pine (P. resinosa Ait.) at their upper elevational limits on a mountain in Vermont during two winters. Water relations parameters of red spruce (Picea rubens Sarg.), a high-elevation conifer with a range that overlaps that of the low-elevation trees, were also determined at the upper limits of the other conifers.
Materials and methods

Study area
The two sites are located on the north-facing slope of Mt. Ascutney (43°27′ N, 72°27′ W, 960 m elevation) in eastern Vermont. Eastern hemlock and eastern white pine data were collected from a site at 640 m, near the upper elevational limit of these species on this mountain (Boyce 1998) . The overstory at this site consisted of white pine, red pine, red spruce and eastern hemlock. The mid-canopy contained mostly balsam fir (Abies balsamea (L.) Mill.) and red spruce, and the understory contained red spruce, balsam fir and hemlock. Red pine and red spruce data were collected from a site at 715 m, which is near the upper elevational limit of red pine on this mountain (Boyce 1998) . The overstory at this site consisted mainly of red pine and red spruce, the mid-canopy of red spruce, balsam fir, paper birch (Betula papyrifera Marsh.) and yellow birch (B. alleghaniensis Britton), and the understory of red spruce and balsam fir. Growing season temperatures at the 640-m hemlock site were estimated based on the published temperature lapse rate from northern New Hampshire of -6.4°C km -1 (Reiners and Olson 1984) and temperatures measured in nearby Springfield, VT (43°21′ N, 72°31′ W, 176 m elevation).
Relative water contents
Shoots were removed from four canopy trees of each species at midday on an approximately weekly basis from January through April of each winter from 1997 through 1999. Only data from 1997 and 1999 are presented here, however, because an unusual ice storm in January 1998 greatly affected water relations that winter. The same trees were used throughout the study. Cumulative foliar tissue loss from sampling was insignificant relative to total leaf biomass of each tree, except in one hemlock and one white pine tree, which were not sampled in 1999 because all remaining foliage was inaccessible. Collections were made between 1100 and 1400 h. Branches with sun-exposed foliage were cut with a 7.5 m telescoping pole pruner, sealed in plastic bags over ice and in darkness during transport to the laboratory, and measured within 6 h of collection. Four current-year and four 1-year-old shoots (hemlock and red spruce) or fascicles (white and red pine; shoots and fascicles are hereafter both referred to as shoots) were randomly excised from the branches collected from each tree and weighed (fresh mass), fully hydrated by floating on deionized water for 24 h at about 4°C in the dark, blotted dry and reweighed (turgid mass). Subsequently, they were oven-dried at 60°C for 3 days and weighed again (dry mass). Shoot relative water content (RWC) was calculated as described by Koide et al. (1991) . Mean RWCs and standard deviations for each date, species and class were calculated from mean RWCs of each tree. Additional details may be found in Boyce et al. (1991 Boyce et al. ( , 1992 , Vostral (1999) and Boyce and Saunders (2000) .
Statistical analyses were performed with the SAS software package (SAS Institute, Cary, NC). The RWCs were analyzed with a repeated-measures split-plot analysis of variance (ANOVA) (von Ende 1993) , where species was the main factor and foliage age the subfactor in the split-plot part of the design, i.e., the between-subjects effects. Week-to-week variation was expected as a result of recharge and transpiration (cf. Boyce et al. 1991 , 1992 , Boyce and Saunders 2000 , so it was not examined statistically. Variation between years was expected to be sensitive to climate fluctuations, and so year was the time factor for the within-subject effect.
Water potential
Midday water potentials (Ψ) were measured with a pressure chamber (PMS Instruments, Corvallis, OR) in the laboratory on thawed shoots from the branches used for RWC determinations, as described by Scholander et al. (1965) . The shoots bore foliage formed during the previous 2 years. A portion of bark was removed from the cut ends of red pine shoots to allow them to fit into the pressure chamber. Mean values of Ψ were calculated for each tree from four shoot measurements, and a species mean for that date was calculated from the tree means. Water potentials for the 2 years were analyzed with a simple repeated-measures ANOVA, where species was the betweensubjects effect and year was the time factor in the within-subject effect (von Ende 1993).
Cuticular conductances
Cuticular conductances (g c ) were determined on a monthly basis in the shoots used for RWC determinations. The procedures were modified after Herrick and Friedland (1991) and Boyce et al. (1991 Boyce et al. ( , 1992 and are fully described in Boyce and Saunders (2000) . After turgid shoot masses were determined, shoots were placed in a dark chamber at about 4°C and 20% relative humidity. A thin layer of vacuum grease was applied to the cut ends of hemlock and spruce shoots to ensure that water was lost only from intact foliage and bark. Temperature and relative humidity were monitored and recorded with either a Psychro-Dyne portable psychrometer (Industrial Instruments and Supplies, Southampton, PA) or a CS500 temperature/relative humidity probe and CR10 data logger (Campbell Scientific, Logan, UT). The shoots were weighed at about 12-h intervals for 3 days, then oven-dried and reweighed. Foliar surface area was estimated from a dry mass-surface area relationship developed for mature trees at the sites (R.L. Boyce, unpublished data). Data for the first 24-h period were discarded because of possible stomatal transpiration.
Cuticular conductances were analyzed with a repeatedmeasures split-plot ANOVA for monthly means collected in 1999. Data from 1997 were omitted from this particular analysis because g c was measured only in March. An additional analysis based on March data was performed for both years.
Critical desiccation levels
In February 1999, we quantified desiccation effects on foliage by a chlorophyll absorance index (CAI) and by a needle damage assessment (NDA) (Lund and Livingston 1999) . Foliage was collected from four hemlock, four red pine, three white pine and three red spruce trees and shipped overnight on ice to the laboratory in Denver. Current-year and 1-year-old shoots were then detached from the sampled branches and rehydrated by floating in deionized water at 4°C for 24 h. Shoots were weighed to determine turgid mass, dried at 4°C in the dark for 0 to 96 h, reweighed, placed in sealed plastic bags with a moist paper towel and transferred to a greenhouse. Natural light was supplemented with light from high-pressure sodium vapor lamps so that irradiance exceeded~250-300 µmol m -2 s -1 for 12 h each day. After 4 days, shoots were scored for needle damage (NDA) as follows: 0 = 0% of needle reddened; 1 = > 0-10% reddened; 2 = > 10-50% reddened; 3 = > 50-90% reddened; and 4 = > 90% reddened. Each shoot was then di-vided in two. Each half was weighed. One half was dried for 3 days at 60°C and reweighed and its RWC determined. Chlorophyll was extracted from the other half by the method of Lund and Livingston (1999) . Shoots were placed in 7 ml of dimethyl sulfoxide (DMSO) and incubated at 65°C for 5 h. Needles were removed, and DMSO added to bring the total volume to 10 ml. Extracts were analyzed with a Beckman DU-30 spectrophotometer (Beckman Instruments, Irvine, CA) to determine absorbency of chlorophyll a at 435 nm and pheophytin a at 415 nm. Ratios were used to calculate a CAI:
435, e 415, e 435,100 415,100
where A 435,e and A 415,e were the absorbances of experimental tissue at 435 and 415 nm, respectively, and A 435,100 and A 415,100 were absorbances of fully hydrated foliage at 435 and 415 nm, respectively (RWC = 100%). The CAI ranged from 1 for fully hydrated shoots to 0 for shoots in which chlorophyll had been completely degraded to pheophytin. Values of CAI, RWC and NDA were compared with each other. An electrolyte leakage experiment was attempted but abandoned. Even with vacuum infiltration and the addition of detergents, foliage of all species leaked less rather than more as RWC declined (data not shown), apparently because of decreasing wettability.
Seedling frequency
Conifer seedling frequency was recorded from the 715-m site along an elevational gradient to 480 m. Transects perpendicular to the Brownsville Trail were established every 100 m of distance along the trail. Five plots of 1.4 × 0.7 m were established on either side of the trail, separated by 10 m, with the long axis aligned with the slope. The species of every conifer seedling and sapling (< 2.5 cm diameter at breast height) present in each plot was recorded. Overstory species of conifers visible from the center of the plot were also recorded.
Results
Relative water content
In hemlock, the highest and lowest mean RWCs were measured in 1-year-old shoots in March 1997 (95.9 and 78.2%, respectively) (Figure 1) . Over both winters, individual hemlock shoot RWCs ranged from 30.7 to > 100% (data not shown). One-year-old foliage usually had lower RWCs than currentyear foliage. Values of RWC were more variable in winter 1997 than in winter 1999, but mean RWC was similar in both years.
In contrast, white pine RWCs were more variable in 1999 than in 1997 (Figure 1 ) and, on average, white pine RWCs were lower in 1999 than in 1997. Mean RWC of current-year shoots ranged from 73.7% (April 1999) to 96.6% (March 1997). One-year-old shoots usually had lower RWCs than current-year shoots.
The largest and smallest mean RWCs for red pine and red spruce were measured in winter 1997 (Figure 1) . One-year-old shoots generally had lower RWCs than current-year shoots. Red spruce experienced declines in RWC in the middle of February (~Day 45) in both winters, whereas RWC was stable in red pine.
There was a highly significant between-subjects effect (F 1,11 = 23.32; P = 0.0005) of shoot age on RWC (effect of time removed) but no significant species or species × age interaction effects. The only significant within-subject effect (differences over time) was a year × species interaction (F 3,22 = 3.19; P = 0.0443), which was caused by RWC of red pine being higher in 1999 than in 1997, whereas RWC values in all other species were lower in 1999 than in 1997. The lack of other in- Figure 1 . Relative water contents of current-year and 1-year-old shoots of hemlock, white pine, red pine and red spruce versus day of year (1997 and 1999) . Error bars are standard deviations (n = 4, except where noted in text).
teractions indicates that RWCs of current-year and 1-year-old shoots of each species changed in parallel between years.
Water potential
Water potentials were more negative and variable in hemlock Red spruce water potentials were more variable and lower than those of red pine in 1999, but were similar in 1997 (Figure 2) . In red spruce, mean Ψ was lowest on Day 48 in 1999 (-1.15 MPa) and highest on Day 35 of the same year (-0.50 MPa). Variation in Ψ was small in 1997 (-0.58 to -0.96 MPa). In red pine, the range of mean Ψ was similar in 1997 (-0.58 to -0.96 MPa) and 1999 (-0.37 to -0.77 MPa), although the overall mean was higher in 1999.
There was a highly significant between-subjects effect (F 3,11 = 29.06; P < 0.0001) of species on Ψ; overall hemlock had the lowest Ψ, whereas white pine had the highest. There were also highly significant year (F 1,11 = 19.97; P = 0.0009) and year × species (F 3,11 = 29.06; P = 0.0004) effects on Ψ. Except in red spruce, Ψ was higher in 1999 than in 1997.
Cuticular conductance
The g c of current-year and 1-year-old foliage was always higher in hemlock than in white pine foliage, and g c of current-year and 1-year-old foliage was always higher in red pine than in red spruce (Table 1) . In all species except white pine, g c was usually higher in 1-year-old foliage than in current-year foliage. Thus, in 1999 there was a significant (F 3,8 = 8.71; P = 0.0067) species × shoot age between-subjects interaction. In general, g c increased with time, and this was reflected in a significant linear change among months (F 1,16 = 7.62; P = 0.0139). However, not all species and age classes increased, 796 VOSTRAL, BOYCE AND FRIEDLAND TREE PHYSIOLOGY VOLUME 22, 2002
Figure 2. Water potentials of hemlock, white pine, red pine and red spruce shoots versus day of year (1997 and 1999) . Error bars are standard deviations (n = 4, except where noted in text). Table 1 . Mean cuticular conductances (g c ) ± standard deviations (n = 4, except n = 3 for hemlock and white pine in 1999) of current-year and 1-year-old shoots of hemlock, white pine, red pine and red spruce by year and month. In 1997, data were collected for March only. and the two age classes did not increase in parallel (F 1,16 = 6.04; P = 0.0257). Furthermore, other variation led to a significant month × species × shoot age interaction in the within-subject effects (F 6,32 = 2.57; P = 0.0381).
Values of g c were significantly higher (F 1,22 = 43.25; P < 0.0001) in March 1997 than in March 1999. In addition, g c in March exhibited significant species (F 3,11 = 30.78; P < 0.0001), shoot age (F 1,11 = 13.95; P = 0.0033) and species × shoot age (F 1,11 = 11.86; P = 0.0009) between-subjects effects. The last effect appeared because 1-year-old g c did not always exceed current-year values. There was also a significant year × species (F 1,11 = 3.96; P = 0.0212) within-subject effect.
Critical RWC for desiccation damage
The CAI did not decline in any species until RWCs reached between 40 and 60% ( Figure 3) ; at this point, CAI fell precipitously in hemlock and may have begun to decline in red spruce. The NDA began to increase at RWCs below 40% in hemlock and around 40% in spruce, whereas there may have been an increase in NDA at around 60% RWC in white pine (Figure 4) . Pearson correlation coefficients between CAI and NDA were significant for hemlock (r = -0.92; P < 0.0001) and red spruce (r = -0.61; P = 0.0004) but not for white pine (r = -0.09; P = 0.6335) or red pine (r = 0.11; P = 0.5165) (Figures 3 and 4) .
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Seedling frequency
No red or white pine seedlings were present in any of the plots containing overstory trees ( Figure 5 ). Only one red pine seedling was observed during the survey, and it was outside the plots. No white pine seedlings were observed either inside or outside the plots during the survey. Red spruce seedlings were present wherever overstory trees were present. Hemlock overstory trees were present at the 640-m site, but their frequency dropped precipitously above 660 m. Hemlock seedling frequency peaked at 576 m. Above 660 m, hemlock seedlings were found in only one plot.
Discussion
The critical RWC for winter desiccation damage is about 60% in most conifers that have been examined (Hansen and Klikoff 1972 , Sakai and Weiser 1973 , Hadley and Smith 1983 . Hadley and Smith (1986) found that Picea engelmannii 798 VOSTRAL, BOYCE AND FRIEDLAND TREE PHYSIOLOGY VOLUME 22, 2002 Parry needles in Wyoming were damaged when Ψ fell below -4.5 MPa. Pinus contorta var. latifolia Engelm. foliage in Alberta, however, was damaged when Ψ was -1.8 MPa (Richards and Bliss 1986) . Based on CAI and NDA measurements, we confirmed that RWC thresholds for desiccation damage are in the range of 40-60% (Figures 3 and 4) . For all species, values of RWC and Ψ in the two winters of this study were well above these damage thresholds. Therefore, the present study provides evidence that winter desiccation is not a factor setting the upper elevational limits on hemlock and white and red pine at this site.
The upper elevational limits of the pines appear to be set by factors that restrict seedling establishment. Red pine is shadeintolerant and fire-resistant (Rudolf 1990) . Although widely distributed in northern New England, it is usually found in small fire-prone "islands" within the generally non-flammable deciduous forest (Engstrom and Mann 1991) . There were several large fires on Mt. Ascutney in the late 1800s caused by logging (Ascutney Trails Association 1992), and current red pine size suggests that the mature trees found in this study established immediately after those events (R.L. Boyce, unpublished observations). Because no large fires have occurred since the late 1800s (Ascutney Trails Association 1992), a lack of suitable seed beds is more likely to be a limitation than climatic conditions. White pine seedlings can tolerate more shade and thicker litter layers than red pine (Wendel and Smith 1990) . However, they are unlikely to be able to tolerate the deep shade and thick litter layers at 640 m on Mt. Ascutney. We conclude that dense shade, particularly from red spruce and balsam fir, and heavy litter layers prevent successful germination and seedling establishment of red and white pine, although climatic limitations on seed production may also have a role.
Unlike the pines, hemlock is able to reproduce in deep shade. However, low temperatures may inhibit hemlock seed germination above approximately 660 m. A constant temperature of 15°C is optimal for hemlock germination (Godman and Lancaster 1990, Crow 1996) , although seed from northern sources has been reported to germinate near 12.8°C (Ruth 1974) , and low germination rates have been observed at temperatures in the range of 6.7-17.8°C for 45-60 days (Wendel et al. 1983 , Godbold et al. 1995 . During the three summers before the winters of this study, daily mean June-August temperatures at the 640-m site exceeded 12.8°C for at least 45 consecutive days. However, in every year of the study, the number of consecutive days with estimated minimum temperatures above 6.7°C was fewer than the 45 days necessary for successful germination (Figure 6 ). Thus, hemlock seedling regeneration above current elevational limits on Mt. Ascutney may be temperature-limited. Even in the absence of temperature limits to germination, hemlock seedlings may be outcompeted by spruce and fir seedlings, which are also tolerant of heavy shade and may be better adapted to growth at low temperatures. Loehle (2000) showed that height growth of more northern tree taxa is usually superior to that of more southern taxa at low temperatures. Thus, upper elevational limits of the three low-elevation conifers examined in this study appear to be set by limits to seedling germination or establishment.
It is unknown why RWC was significantly lower in 1-yearold shoots than in current-year shoots in all species (Figure 1 ), although this observation has been made in other conifers (Boyce and Saunders 2000) . The RWCs of the two shoot age classes were highly correlated (Spearman rank correlations exceeded 0.80 for all species) ( Table 2 ). Shoot Ψ differed among the four species, but the significant within-subjects species effect indicates that they did not change in parallel. Water potential was significantly correlated with RWC of both current-year and 1-year-old shoots of hemlock and currentyear shoots of red spruce (Table 2 ), but Ψ was not significantly correlated with RWC in either of the pines. Cuticular conductances were usually higher in 1-year-old foliage than in current-year foliage (Table 1 ) (cf. Boyce 1994 , Hadley and Smith 1994 , Boyce and Saunders 2000 . We found no evidence that g c was related to shoot water status. Table 2 . Spearman rank correlations among relative water content (RWC) and water potential (Ψ) of current-year and 1-year-old shoots. The P-values are listed below the correlations and n is given in parenthesis. 
